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Abstract—Venting of excess water from spacecraft, besides leading to physical and optical contamination,
has application to studies of the transport of outgas, the interaction of the vehicle with the ionospheric
plasma, the energy balance of cometary material, and the uses of liquid streams in space operations.
Analysis of intensified video images of a twilight venting of fuel-cell product water from Shuttle Orbiter
shows that the initially coherent stream forms within about 0.1s into a ~ 10°-quasiconical cloud of
irregular, polydisperse ice/water droplets (the product of cavitational rupturing) and submicron ice
spherules (from partial recondensation of overexpanded vacuum-evaporated water gas). The retrograde
velocities of both particie components are experimentally indistinguishable from that calculated for the
dumped liquid. The visible radiance distribution of the ~2 ‘ km of wake trail detectable in projections
to a precisely-tracked groundbased telescope becomes consistent with predictions from the energy balance
of the submicron particles when a sublimation rate-enhancing correction to their emissivities (and thus
temperature). arising from the progressive roughening of their surfaces, is applied. A similar calculation
of the thermal radiation, scattering and absorption of earthshine and sunlight, and sublimation of the
larger ( ~ mm-radius) particles prominent in the onboard photographs shows that their lifetimes are several
orbital periods. The relative discrete and spatially-continuous irradiances in images from the two camera
locations impose a rough joint constraint on the fraction of water vapor that recondenses and the mean
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geometric scattering cross-section of the stream-fragmentation droplets.

1. INTRODUCTION

We have reduced and interpreted the patterns of
scattering of visible sunlight by the ice particles
that formed(l1,2] from fuel cell-product water{3]
vented into the wake of Shuttle Orbiter Discovery
(STS-29, Orbit 49) just before dawn on 16 March
1989. The data set consists of intensified-video photo-
graphs taken from both onboard and a high-altitude
optical station near the trajectory nadir. Table |
describes the three electronic cameras, typical views
of the particle clouds from which are reproduced in
Figs 1-3.

The information about the phenomenology of
ventings of excess water derived from these images
allows the radiance distributions of these clouds
at other wavelengths to be inferred. for assessing
the effect of releases of high vapor pressure liquids
on the optical signatures of satellites and suborbital

325

e

129

3
Y
e

"
[

bodies. The data on droplet sizes and fraction-
ation, spatial and velocity distributions, and subli-
mation rates in the low earth-orbital environment
also have application to several issues in space oper-
ations and physics, including foregrounds {4} in
Shuttle-borne astronomy and remote sensing;
lifetimes of orbiting debris, and the energy balance
of comets and meteors: interaction of spacecraft [3]
and their outgassed water vapor [5] with the iono-
sphere; F-region plasma depletion and its related
aerochemical and dynamical effects[6]; and con-
tamination of the outer surfaces of orbiting vehicles
by recontact of ejected materiai [2]. Applications of
controlled liquid streams in astronautics have been
identified in a recent review [7] of their behavior in
vacuum, and include material transport between
spacecraft, liquid thrusters and brakes (*“'aeroassist™).
fluid disposal, liquid-droplet radiators, and planetary
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2. TECHNICAL BACKGROUND

This theoretical modeling [7] is supported by recent
laboratory simulations (8-11] in which pure and
mildly contaminated water was released into large
vacuum chambers with about the same initial flow
coriditions as in space shuttle’s now-routine vent-

. ings. The outermost layers of the liquid quasicylin-

der become cooled by the very rapid evaporation
from its surface. while the low heat transport rate
of water maintains the volume near 1its axis at
close to the injection temperature. Since this inner
water mass is then superheated. bubbles of “stcam™
and dissolved gases expand rapidly within the

- coherent stream; as they break through its surface.

-

surface tension-driven instabilities tear the stream
apart. While existing theory does not explicitly
predict the velocities imparted to the resulting dis-
crete liquid droplets. the halfwidth of the spatal
distributions of these particles observed in labora-
tory expefiments [9-11}, ~ 1.5 radian. provides a
measure of their mean transverse speed relauve to
the longitudinal flow.

The droplets produced in this “flash evaporation™
were found [8,10.11] to have typical dimensions
comparable with the initial diameter of the liquid
stream. as might be expected. Photographs from one
experiment {8] showed them to take on dish or bowl
shapes. which was interpreted as due to cracking
of their ice surtaces by the higher pressure of the
unfrozen. less dense inner water; the particles imaged
may actually be fragments of larger droplets that
fractured as successive shells solidified as a result
of the heat loss by surface sublimation. The distri-
bution of maximum droplet dimensions was broad
(halfwidth about twice the injection-nozzie diameter),
with most of the volume appearing in the largest
individual particles. (We observed a qualitatively
stmilar wide size spread in the onboard video images.
as discussed in Section 4.2.)

These irregular droplets solidify completely (the
larger ones would experience further explosive boil-
ing, or breakup by cracking) in a time that we
estimate in Appendix B to be [0s. Cavitational
rupturing takes place within <~Im from the
venting nozzle when the initial diameter s
> ~ 1/2 mm {9]; thinner. cold. pure water streams can
propagate stably{7]. while warm contaminated
streams have been observed to break apart within
a few nozzie diameters[9]. Since the heat of
vaporization of water is large compared with the
sum of its heat of fusion and the heat liberated
when the liquid and then solid cool. most of the
vented water appears as these large particles:
simple thermodynamic arguments [6] show that the
fraction of 0 C ice is 0.8 when water is injected
at temperatures near 60 C. and the further sub-
limative cooling to the ~180K davtime equi-
librium temperature caiculated in Appendix B
reduces this fraction to about 0.75.

1. L. KOFsky er al.
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The mean free paths of those water molecules that
have evaporated from the short-lived coherent stream
are initially much less than its diameter [9] (and
a fortiori also small compared with the transverse
extent of the cloud of droplets just after the stream
bursts), so that the initial expansion of this vapor is
collisional. This gas then cools as it expands further
radially. and when it becomes supersaturated—that
is. falls below the gas-solid phase boundary—some of
it recondenses into ice parucles. Radii near 0.1 ym
tand a relativelv monodisperse size distribution, rem-
iniscent ol that found 1n fog formed by adiabatic
expansion ol water vapor) were interred from the
puolarization ratios ot Mie scattering ot laser light in
a tank cxperiment [10.11} in which the water was
intected in 65 ps-duration pulses. The fraction of
the water molecules condensed into these particles
was estimated [11] as between 0.2 and 2".. which
represents 1.100-1 10 of the flash-vaporized water
mass.

This (and previous referenced [7.9]) earlier work.
much of which was done in connecuion with the
design of systems for dumping excess water from
orbiting spacecraft. indicates that the radiation pat-
terns in Figs 1-3 result from reflection refraction
of sunlight from ~mm and submicron particles.
The contribution to the signal from the much less
citiciently (Rayleigh) scattering evaporated. sublimed
water molecules would be expected to be negligible.
and indeed the vapor phase has not been directly
optically detectable in either laboratory simulations
Or the present space experiment.

3. EXPERIMENT

Relatively pure and gas-free “supply”” (as opposed
to human waste [3]) water was forced out under
pressure into a retrograde orbit through g smooth 60
full-angie comical nozzle with a 1.4-mm (0.056-in.)
diameter opening, at an essentially constant rate of
19.4 g.s. The venting orifice was electrically heated to
prevent its blockage by icing (as had occurred in
previous spacecraft missions), which gave the water
an imtial temperature that we estimate {rom the
workspace temperature (9] and the time that the
siream was in contact with the 60-70 C outlet tube
to be 30 C. The vehicle aspect data and a diagram of
the water-dumping system provided by NASA
showed that the initial flow direction was antiparalle
to Discorery's trajectory within less than 3 (indeed.
perhaps < 1 ).

The spacecraft was oriented with long axis pitched
111 down from the local horizontal-—the normal to
its open bay directed toward the atmosphere’s limb—
and starboard wing toward the flight direction. Its
venting nozzle is located [3] on its port side about
31m below (on the vehicle: above in this flight orien-
tation) and aft of crew cabin window W1. at station
620.0. —105.0. 342.6 {in.] in space shuttle system




Water venting 327

Fi2. 1. Views of the backlit water trail from the aft onboard
camera at increasing pointing azimuths. The determination
of particle velocity 1in Section 4.2.2 was made from succes-
sive frames at the zoom setting and radiance response of (b).
(b} The rainbow-angle rexion near the bright center of the
frame. (c) Includes the vanmishing point of the trail. at upper
lett Some of the individual targe droplets scatter sutticiently
strongly to produce undershoots 1n the video clectronics:
other dark areas in the images are most likelv regions of low
particle density.

coordinates. A mission speaiahist held and ponted
one of the low hight level video cameras of shuttle’s
closed cireunt TV svstem {12] through this window
toward the particle trail {refer to Table 1 and
Frg. 2tm]. A second such operations-documenung
room camera mounted n the cerge bay 7 m aft of
the nozzle. remotely operated by a flight crew mem-
ber viewing its display monitor, provided a projection
of the sunlit water cloud (Fig. 1) about perpendicular
to the more restnicted and less readily interpretable

views from Discovery’s cabin. Each of these cameras
could see the trail to within about 5m from its
venting orifice.

Geophysics Directorate staff planned the water
dump to be directly illuminated by the sun while
the lower atmosphere above the groundbased tele-
scope-camera (and below the onboard cameras)
remained in the hard earth’s shadow. The space-
craft was in a generally southwest to northeast
329-km altitude circular orbit that passed almost
directly over USAF's AMOS (Air Force Maui [HI)
Optical Station{13]) observatory several minutes
before local dawn. The zenith. solar-scattering,
and aspect angles of the trail and its range from
AMOS are shown in Fig. 4.

Discorery came into sunlight at 28 zenith, 248~
azimuth at 15:21:59 UT (04:58 local time at
AMOS). when the solar depression at its nadir was
19 . The shadow height below the spacecraft
trajectory decreased to about 100 km when the zenith
angle increased to 67 (now in the northeast) some
2 min later. When direct illumination trom the solar
disk is limited to these high atmospheric altitudes.
nightglow chemiluminescence and celestial sources
are the principal optical background at the wave-
lengths to which the AMOS video camera responds;
as we will show. this sky radiance was below the
noise threshold of this camera. A few discrete

Fig. 2. View of the ice particle trail from Discorery’s crew
cabin (4) and in a space-simulation chamber (9] (b). The
venting nozzle is about S m from the nearest segment of the
beam that shows through the spacecraft window. The
decrease in mean exposure with distance outward is due
principally 1o the (1 distance)® decrease n irradiance from
individual large particles. In (b) the scale at the particle
stream 1s about | 10; nozzle orifice diameter 3 mm, stream
velocity 9m-s. temperature 20 C (illumtnation geometry
unstated).
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Fig. 3. Views of the sun]ight-scmiering trail from the AMOS telescope. with 0.8 of its 0.40°-horizontal

image field reproduced. {a) At 15:22:19, zenith angle ny 5.4, range 331 km. (b) 15:22:23 (culmination),

1.5 . 330 km. visual magnitude of Discorery —0.2. (¢} 15:23:40 (Figs S. 6. 7). 61, 637km, +3.6,

(d)y 15:24:20. 72 . 891 km. (¢) 15:25:40. 83 | 1432 km. +5.6. (f) 15:26:00. 85 . 1570 km. The video gain

setting in general differs among images. The solar-scattering and aspect angles of these frames can be found
in Fig. 4.

ground lights appear in the aft- onboard camera’s
views into the nadir hemisphere. as would be expectéd
from Discovery’s trajectory over the Hawaiian
Islands. While stars are not identifiable in the
onboard images. stars with visual magnitude up
to about 11 can be seen moving across the narrow
ficld of the 53 cm-aperture. further intensified (and
thus very high trradiance sensitivity) AMOS camera.

We have derived the radii and sublimatiof rates of
the recondensation ice particles from the radiance
distributions in these groundbased plotographs

(Section 5.2 and Appendix A). and estimated the
fraction of the vented water in these smaller droplets
and the mean radii of the very much larger ice
droplets by considering also the irradiances that these
latter particles produce in the onboard images (Sec-
tions 5 and 6). ‘

2.1 Stationarity of the water venting

The discharge of supply water from the spacecraft
may be considered a time-stationary event over the

Table 1. Video camera parameters

Field Axis Photo- Brightness Solar Ruckground Typcal
Location of view pointing cathode! respornse angle scene mnages
Payload bay, Zoom, 47; Manual, SIT. Auto- ~490-250 Oceun Figs 1. R
forward of horizontal by crew RCA ranging surfice
Vertical in Fig. 1 in eliaz/ 4R04H (clouds)
Stabilizer* zoom type
Crew cabin Zoom, Handheld SIT. Auto- ~ 1302 Atmosphere P 2
window Wi" about 45 by RCA runging limb in
in Fig. 2ta)  Mission 4R04H anti-solar
. Specialist lype direction
AU AMOS 040 <030 Automane,  ISIT, Ground- " in Night sky. Figs 3.5.6,7
2P N-=204 FL triacking on RCA hased Fig. 4 at zemith
000 m Distorery 4X49H operator angle 7y
altitude wpe control “in’ Fig. 4

Orhiter Station 1290, - %7, dd6,
"Sration 00, a0, 460,

‘Air Force Maui Optical Station, Mt Haleakala, HL. 85 cm-diameter finder telescope. £ 3.5, tracking jitter < = 2 pixels,
¢8-20R. nominal FWHM photon response (uncorrected for telescope absorption) 0.37-0.68 um, (DSIT = (Intensitied)

Silicon Intensifier Tareet,

£
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data period, in view of its venting and external
geophysical conditions.

(1) The flow rate and angle 10 the vehicle velocity
vector remain constant.

(2) The geophysical parameters that determine the
heat balance of the ice particles remain essentially
fixed over the relatively narrow range of latitudes
and longitudes of the (constant-altitude) trajectory.
(a) The change in solar irradiance due to in- and
out-scattering of direct sunlight by the atmosphere
is small (the full disk of the sun at tangent alti-
tudes above at least 40 km iiluminated the trail).
(by Changes in the thermal earthshine that might
result from solar heating near dawn are less than
the uncertainty in the flux of this infrared radi-
atton at the particles. (As the heating effect of
collisions is negligible at all expected air densities.
changes in the ambient density need not be
considered.)

Thus the montage in Fig. 3 represents a series of
projections to the ground siation of the same physical

phenomenon, in which the viewing conditions—or
*scene lighting”—change as follows over the ~ 5-min
data period.

(3) The scattering of solar photons towards the
camera from individual ice particles varies with the
angle n, between the sun and line of sight (in Fig. 4).
This dependence differs substantially between the two
particle sizes (refer to Fig. 9), and thus plays a part
in interpretation of the groundbased images.

{4) The sight paths through the quasi-conical. opti-
cally-thin cloud. and therefore its apparent surface
radiances, vary as (sin{aspect angle 5. of its symmetry
axis]) ! when n, > ~ 10"

(5) The plate scaie at the spacecraft is proportional
to (range from AMOS)-*.

(6) The extinction by the atmospnere above
AMOS increases with zenith angle n,. (As noted. the
signal from the sky background. which also depends
on n,, is substantially less than the dark current.)
LOWTRAN (14] calculations showed that the
average transmission over the camera’s wavelength
sensitivity band of the near-Rayleigh nighttime

140

J a) g

Angle [degrees]
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1 SUNLIT '\ /FIG. 30  FIG. 3.5 FIG. 3e
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Fig. 4. (a) Solar scatter angle r,, aspect angle to trail axis n,. zenith angle of Discovery gnd trail n;, qnd
slant range to Discovery from AMOS (solid line) during the water venting. (b) Schematic of the viewing
geometry from the ground station identifying the three angles.
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atmospheres typically encountered at the mountain-
top station is 0.85 in the zenith. decreasing to 0.7
at g, =61 [Fig. 3(c)] and 0.25 at 83 [Fig. 3(e)].

In view of this physical stationarity. photometric-
photogrammetric analysis of a single AMOS video
frame would provide sufficient information about
the mean radii and concentrations of the sunhght-
scattering particles responsible for the optical signal
at the groundbased camera. The dependence of the
brightness of the trail on solar scattering angle n, as
Discorery moves across the skv—""nephelometry™. so
to speak—further serves to idenufy the tvpe of ice
particle dominating the signal.

3.2. Operation of the rideo cameras

120 4t AMOS. The clectronic gain of the
groundbased camera [13] (refer to Table 1) was man-
ually changed several umes over the exposure
sequence in Fig. 3. with the operator applying the
condition that its video amplifiers not be severely
overdriven by sunhght scattered from Discovery's
bodv—the bloomed area at the right of the water-
particle trail—while the spaually-continuous image
remained above notise on his display monitor. Track-
ing jitter was so small as to be visually undetectable.
and thus introduces negligible photogrammetric error
when successive frames (in which the aspect angle of
the trail 1s changing slowly) are coadded to improve
the photometric signal notse ratios. We averaged 15
neighboring frames at the solar-scatter and aspect
angle at which video data were analvzed in detail
by first transcribing the standard broadcast analog
video record to VHS format. and then digitizing to a
M2 < SI2pixel. 8-bit gray scale stored as 3 binary
disk file.

The brightness of the moonless night sky at 60
zenith angle over the S-20R spectral range is about
6000 ravleighs. or 10w cm* sr. Manutacturer's
speaifications indicate that the resulting illuminauon
of the cathode of the ISIT video receiver tube at the
1 3.5 aperature ratio of the telescope-camera would
produce photocurrents smaller than the dark current.
This baseline pixel current averages 61 of 256 digitiz-
ation units 1n the video trames that we selected for
analysis.

Quantfication of the scene brightnesses fiom the
video signals requires a known relation beiween the
experiment observable output current and input
wrradiance at the camera’s image plane. to which this
scene radiance—the physical quantity of interest—
1s proportional. The performance specifications tor
ISITs turther state that near the dark-current baselinc
the incremental currents are directls proportional to
the incremental irradiances (as would be expected:
ISITs count photons much like electron multipher-
based phototubes). and that the slope of this response
charactenstic decreases as saturation output current
1s approached. (The effect of changing the electronic
amplification of the AMOS camera is to change

its initial response proportionality factor or “con-
trast”, and concurrently its dynamic range; in prac-
tice. the noise-equivalent irradiance usually depends
on video gain.) We therefore adopt a linear relation-
ship between the photocurrents-above-baseline and
the visible radiances of the water-particle trail, with
the recognition that the error in these radiances
increases as current saturation (256 digitization units)
is approached.

3.2.2. Onbourd Discovery. The images from
onboard the spacecraft. although also radiometri-
cally uncalibrated. provide usetul data on the
number. longitudinal velocity (Section 4), and—
qualitatively—irradiances of the individual ~ mlli-
meter ice particles relative to those from the cloud
of unresolved submicron particles. These somewhat
less sensiive space shuttle cameras [12] have object
position-sensing automatic control of their electronic
gain and lens ins setting that provides very wide
inter-scene dvnamic range while protecting against
overcompensation when very bright objects (such
as Orbiter’s sunlit bay) lie near the edge of their
field of view. Like the AMOS camera. they operate
at standard broadcast video (EIA RS-170) frame
rates.

The southwestward-flowing (relative to Discovery)
particle stream lies in the hemisphere away from the
rising sun. and the scattering intensities toward these
onboard cameras vary along the trail in each video
frame: refer 1o Fig. 9. (In the much smaller-forma:
groundbased images. they in etfect vary only along
the spacecrart trajectory.) The handheld crew-cabin
camera views an about 20- to 200-m long segment of
the flow path (depending on where 1t is pointed).
while the azimuth and focal length settings of the
pavicag-bay camera allowed it to view the vanishing
point of the trail [Fig. 1(¢)].

4. OVERVIEW OF THE IMAGE DATA

41 AMOS

The very high irradiances at AMOS due to scatter-
ing of sunlight from Orbiter’s high-albedo body result
in the blooming ot and undershoot in the spacecraft’s
image evident in Fig. 3. Irradiance from the vehicle
15 expressed by NASA as an equivalent stellar visual
magmitude after a (nomnal) correction for extinction
by the intervening atmosphere. Tvpical such magni-
tudes in the caption of Fig. 3. from the listing
provided by Johnson Space Center. illustrate the very
high sensitivity of the telescope-camera to spatally
unresolved (“point’™) light sources.

The aforementioned changes along the trajectory
in the relative photocurrent-to-irradiance response of
the camera system are evident in the videotape. Hence
the apparent brightnesses in the reproductions in
Fig. 2 (the originals of which were made by photo-
graphing single captured frames displayed on a video
monitor screen at a fixed exposure time) would not
accurately represent the actual time history of surface




Water venting 331

brightnesses of the trail. The variability in apparent
length of the sunlight-scattering volume above that
due :o the changing plate scale. aspect angle, and
solar-scatter angle is also an effect of camera
threshold. As Fig. 3 shows. the area of water trail
above the noise level of the AMOS camera remains
within its field of view over the period in which the
trail is in sunhght.

The images at 15:23:30+-41 [one of which is
Fig. 3(c)] show particularly good contrast due to
their combination of smail--i.e. “forward"—scatter
angle n, (48°); relatively small aspect angle #. (33! .
so that the sight path length is about twice that
in perpendicular projections). and leng range to
Discovery (NASA stellar magnitude +3%). (The
resulting low irradiance from the spacecraft’s body
allowed the operator to enhance the extended
source by increasing the clectromc gain of the
camera.) Although the about-normal projections
when Discovery passes almost directly over AMOS
are more geometrically favored than this view at 61
ccnith angle, the contrast and arca-above-threshold
of the particle trail are substantially lower. We
selected the projection illustrated in Fig. 3(c) for
digital processing and analysis.

Figure S is a contour plot of the photocurrents
trom individual pixels averaged over 15 successive
I 30-s video frames. Fig. 6(a) is a longitudinal (long-
axis) one-dimensional trace from this scene corrected
for the foreshortemng and sight path of its aspect
angle. and Fig. 7 shows traces transverse to this axis
at three distances from Discovery. Some effect of
blooming from the spacecraft image and saturation

of the photocathode extends out to about 600 m.
Extinction by a clear maritime (LOWTRAN [14])
atmosphere at the 61 zenith angle results in a small
shift toward the red of the FWHM points of the
product (atmosphere transmission)-(solar spectral
irradiance)-(camera response), a paramcter that we
apply later in analyzing this image; see Fig. 10. We
stress again that the distributions in space (relative to
the moving spacecraft) and size of the two types of ice
particle remain the same during the water-venting
period: this particular two-dimensional projection
of the three-dimensional volume scattering rates
15 judged to have the best signalnoise ratios for
quanutying the pattern.

+.2. Onboard

The principal quahtative impression from play-
backs of the videotapes from the onboard camera is
of a spauially-dense stream of discrete particles with
a refatively broad size distribution—as evidenced by
the substantial differences among the irradiances
from particles at fixed ranges—, each of which is
moving away from the spacecraft at sensibly the same
constant speed. While physical structure on these
expectedly mm-diameter droplets i1s of course far
below the lateral spatial resolution limit of these
cameras at the distances to the trail, some particles
appear to flicker (with roughly s periods). This
modulation of their irradiances at the cameras
shows that these are tumbling irregular ice water
such as was seen n a iaboratory simuiation [8],
rather than spherical liquid (or even solid) drops.

Fig. S Equi-photocurrent plot of the groundbased images centered on Fig. 3(c). with the contours

separated hy 16 of 256 digitization units. [n the initial ~ 600 m of trail contamination by blooming from

Discovery’s body (NASA equivalent stellar magnitude 3.6), and photocurrent saturation effects. are

present. The glow ahead of the spacecraft is an instrumental effect (of an overshoot that follows the
undershoot). This plot is the basis of Figs 6 and 7.

-
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Fig. 6. (a) Relative radiance along the line of maximum brightness extending out from Discovery in Fig.
5. with the average baseline subtracted and a linear relationship between the video photocurrent and scene
radiance assumed. (b) Radiances summed along lines transverse to this long axis (sterance per unit path).

Further evidence that the phenomenology of the
vented water stream is at least qualitatively similar
to that in the space-tank experiments comes from
the comparison in Fig. 2 of a typical crew-cabin
image with a laboratory photograph [9] of an injec-
tion of pure water with temperature 20 C. velocity
9m/s. and nozzle diameter 3 mm (the illumination
conditions were not specified).

The spatial density of these particles. counted from
the bay camera images (in which absolute distance
scales can be determined). is 100 + 50 per meter of
longitudinal path. This density is consistent with

the mass flow rate and expected mean particle size
(a point to which we return later). The angular
divergence of the radiation pattern seen from Discov-
ery’s two camera positions indicates that its apex is
within a very few m from the nozzle. perhaps even
within a few 10's cm. The half-angular spread, ~10°,
is sensibly the same in the two about-perpendicular
onboard projections, and furthermore is experimen-
tally indistinguishable from the divergence of the trail
in the groundbased images. The transversely-directed
kinetic energy imparted to the droplets as the stream
bursts is of the order of 107’J/g. which is very
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Fig. 7. Relative radiances along lines transverse to the long axis of the traif in Fig. S at the downstream
distances X indicated. The decrease in area under these radiance plots (Fig. 6b) indicates qualitatively that
the radii of the ice particles are decreasing with increasing X.
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smali compared with the ensuing changes in their
heat content (see Appendix B).

The instrumentally bloomed images of these many
discrete large ice particles produce a spatially con-
tinuous overlay of apparent brightness, which can not
be distinguished from the radiance that would result
from scattering of sunlight from an accompanying
cloud of unresolved small (recondensation) particles.
(Indeed. some of the image-plane irradiances are so
high that they produce the undershoots along the
scan direction characteristic of intensified video cam-
eras.) As Figs | and 2 show. this “haze” does not
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extend beyond the distinguishable particies in the
direction perpendicular to the long axis of the trail,
which indicates that if this apparently-continuous
signal is due in substanual part to the small particles
their transverse velocities would be about the same
as those of the large particles. We return to this
important issue in Section 6.

4.2.1. Payload bay. When part of Discovery’s
sunlit cargo bay is in the field of view of the aft
camera [as in Fig. 1(a)] its video gain decreases,
reducing the photocurrents from the trail. The low
surface brightnesses within the tirst few m trom the
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Fig. 8. (a) Equi-photocurrent plot of the water trail from the aft (payload bay) video camera [Fig. (b))
the honzontal angular field 1s about 48 . (b) Profile across this image along the diagonal line shown.
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nozzle are most probably due to shadowing of the
particle cloud by the spacecraft body, as the sun
is on its opposite side. We interpret the bright
region to the right of center in Fig. 1(b) as a rain-
bow, that is, as the about order-of-magnitude
increase near 1377 scattering angle in the differential
scattering cross-sections of spherical ice (or water)
droplets whose diameter is large compared with the
light wavelength: refer to Fig. 9. Figure 8 is an
equi-photocurrent contour plot of Fig. 1(b) with
the high spatial frequencies from the individual
particles filtered out. and a transverse trace at about
28 m downstream from the spacecraft. The asym-
metry in brightness, with the steeper edge toward
the earth. is seen also in the groundbased images
(Fig. 3); this effect may be due to imperfections in
the watsr-venting onfice.

In Fig. 1(b) the generally-smaller aspect angles of
the trail increase the slight pathlengths and thus the
mean radiances. In Fig. 1(c) the bay camera is
pointing at a still larger azimuth angle from Orbiter.
so that the still shallower mean aspects further
increase the projected brightnesses. The vanishing
point of the wake trail is within the field of view in
these latter camera frames.

4.2.2. Velocity of the large ice partictes. We
measured the longitudinal speeds of identifiable
sunlight-scattering particles from their positions in
successive video frames from this aft video zoom
camera [as in Fig. l(b)}. (The handheld crew-cabin
camera lacks a useful geometric reference.) This
camera views to within 14" from perpendicular to
the symmetry axis of the trail. where the particles
emerge from behind Discovery’s open bay door.
We determined the horizontal field of view of the
camera at the time of the velocity measurements
from the angle subtended by a radiator panel
mounted along this door. which we identified on
scale drawings of Shuttle Orbiter. This object
measures 1.5m transverse to its direction to the
bay camera. from which it is on average 9.6m
distant. and its image extends across 0.19 of the
video frame. These dimensions would result from
a full horizontal angular field of 47 | with an uncer-
tainty that we estimate as +7 .

We advanced the videotape successively one full
1 30-s frame, recording the number of frames during
which identifiable particles moved from 27 from
the nozzle to 39°. which r presents a pathlength of
7.7m. (Efforts 10 ume the movement across the
full horizontal camera field produced less reliable
results due to the error in assigning a longitudinal
distance traveled.) In 7 trials on high-irradiance
droplets moving within 5 of the long axis of the trai}
the number of video frames per such transit was 10,
with a standard deviation of less than | (fractional
frames could be estimated). This small spread indi-
cates that these iarge particles have a narrow longi-
tudinal velocity distribution. as would result if the
speeds imparted to them in the fragmentation of the
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initially-liquid stream were principally transverse-
directed.

The mean speed along the trail axis measured by
this procedure was 23 m/s. Taking into account the
systematic errors in timing the transits and in the full
and partial fields of view of the bay camera at the
particle trajectories. we ecstimate the uncertainty
of this measurement to be +25%. —35% (or +6.
—8ms).

This velocity in free space can be compared with
the velocity denved assuming f{ully developed
Poiseuille flow in the conical nozzle. which is[7]
1.32-(volume vented per unit time) (exit cross
sectional area) = 16 m;s. The condition for achieving
this free-stream velocity is that the Revnolds num-
ber in the nozzle (essentially, [flow selocity]: [diam-
eter] [viscosity]) be greater than about 100{7]. The
parameters for Discovery’s venung place the
Reynolds number much higher: the numerator in
this expression is about 100 g:cms. while the vis-
cosity of 30°C water is 0.008 g cms. The ejected
liquid stream contracts to (0.87) (1.4 mm) = 1.2 mm
as its radial velocity profile relaxes to uniform
from parabolic (i.e. Poiseuille) just beyond the
venting orifice. with the average speed increasing by
32%. As the later cavitational breakup would not
impart a net longitudinal velocity to the product
droplets. we conclude that the particle velocity
measured above is consistent within its relatively
large error with steady Poiscuille flow in the nozzle
followed by relaxation to a radially-uniform flow
velocity distribution in the liquid stream before it
breaks up.

5. PHOTOMETRIC ANALYSIS OF THE AMOS VIDEO
IMAGES

We show next that the radiances measured in
the projection to the ground station (Fig. 3) are
due principally to the submicron-diameter reconden-
sation ice droplets. and that the rate of decrease of
sunlight scattering cross-section of these particles is
consistent with standard radiation theory when a
physical plausible correction is applied for the change
in their absorption-emission—and therefore sub-
limation rates—as their surfaces roughen. We then
estimate the sizes and abundances of both the
millimeter and submicron particles {rom the relative
image irradiances that each flow component produces
at the distant and close-lving cameras. The detailed
calculations of the radius and temperature of the two
types of particle are in Appendices A and B.

S.1. Velocity of the condensate ice particles

A calculation of the spatial distribution of these
small particles would involve the trajectories of the
explosion-product droplets. since as these droplets
are formed while the mean temperature of the liquid
stream is still high (so that the vaporization rate
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remains high) they would be the source of most of the
gaseous water. (Our estimate in Appendix B of the
fraction from the bundied stream is 5%.) The mean
directed velocity of the expanding water gas evapor-
ated/sublimed from each drop is the same as that of
the drop itself. Since the submicron particles by
definition form where the water vapor is collisional
rather than supersonic—that is. where the gas vel-
octtics are randomized in a reference frame of the
dropts)—the distribution of transverse velocities ot
these condensate ice particles would be the same as
that of the large water ice particles.

As we found in Section 4. the photographs from
onboard Discovery do not show uny evidence of
an unresolved sunlight-scattering volume having a
different angular speed from that of the cloud of
readily-distinguishable. polvdisperse large ice drops.
{The "*haze™ underlying the individual high irradiznce
patches may in any case be due to video blooming.)
The observation that the angular extents of this
large-particle trail close to the spacecraft and the
longer wake trail of recondensation particles in the
AMOS images are the same within the error of
interpretation of the exposure patterns. provides
further evidence that the mean velocities of the two
particulate components are sensibly the same.

Further, we identify no physicai process that
imparts a directed longitudinal velocity to the smail
particles relative to the large particles. (Drag trom
collisions with the atmospheric gas has negligible
separating effect at Discorery’s orbital altitude.) In

view of these findings we conciude that the small
ice particles move with these much larger water/
ice droplets. a resuit applied in calculating the
sublimation rates per unit downstream distance
(in Appendix A).

5.2. Radiance pattern

For the reasons presented in Section 4.1, we focus
the radiometric analysis on the 0.5 s-averaged video
frames centercd on Fig. 3t¢) and shown in radiance
contour form n Fig. 5. trom which foliow the plots
ot baseline-subtracted axial bnightness ana transvere-
summed brightness per umt tranl fength o1 Fig. 6(a)
and (b). This latter quanttv—sterance per unit flow
path. someumes referred to as staton radiance—.
1s the area underncath the curves of brightness
perpendicular to the wal axis m bz 70 As it
climinates the ctfect on surface radiance of the
divergence of the flow. this guantity 15 a quanti-
tative measure of the cross-sections o1 the particles
for scattering visible sunhght n the direction of
the AMOS camera.

The critical quaiitative feature of Figs otb) and 7
15 the large decrease in this spatially-integrated sur-
lace radiance with distance from Discorery’s venting
nozzic (after the region where video blooming and
nonlincar response are signtficant). This immediately
shows that the parucles princtpally responsible for
the signal at AMOS lose a substanual fraction of
their optical cross-section—which 1s to say. volume—
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within the trail’s instrumentally-detectable ~2!-km
length. The mm-diameter waterjice droplets wouid
lose only about 15% of their mean cross-sectional
area 1n the < 2-min transit time beyond the bloomed
pixels (see Appendix B). and therefore could not
uccount for the almost two orders of magnitude
decreases in sterance per unit path actually observed.
In constrast. such a large change would result from
the sublimation from the much smaller recondensa-
tion ice particles (Appendix A).

5.2.1. Dependence on solar-scatter angle. This con-
clusion 1s supported by the dependence of the visible
radiances of the wake trail at fixed downstream
distances on the sunlight-scattering angle n,. This
angle decreases from 90 165 after Fig. 3(b) (before
which excessive blooming of the images of the space-
craft body at its relatively short ranges from AMOS
precludes even a qualitative estimation of the cloud
brightnesses), to about 30° in Fig. 3(e) 3 min later.
Despite the effect on the optical signal of the elec-
tronic gain changes made over this trajectory seg-
ment, the increases in radiance at fixed distances
along the trail (corrected for the sight-path length)
can be estimated as at most only one order of
magnitude. Such a variation is consistent with “near-
Rayleigh™ or Rayleigh scattering (where 27 [particle
radius r}'[mean photon wavelength Z] < ~3), thatis.
by spheres whose radius is less than about 1.4 ym;
refer to Fig. 9. (In the Rayleigh regime the change
would be [l +c¢0s 30 ), or less than a factor of
two.) "Geometric™ scattering (2zr A, by the mm-
diameter particles. would in contrast result in bright-
ness increases of about two orders of magnitude over
this range of solar-scatter angles.

..... Purticle radii and temperatures. A substan-
tial change 1 the mean logarithmic slope of the
radiances appears to be taking place about halfway
along the particle trajectory in Fig. 6. The most

obvious physical explanation [1] of this sharply in-
creased rate of brightness decrease is that the particles
are undergoing a transition from the geometric sun-
light scattering regime. where their differential cross
sections vary about as r-. into the Rayleigh regime,
where these cross sections change much more rapidly
with radius—specifically. with r®.

In Appendix A we calculate the dependence on
time-after-formation or downstream distance Y of (1)
r and the temperature T of these ice particles and (2)
the transverse-summed relative radiances of a wake
trail composed of a monodisperse ensemble with
(submicron. transitioning) r. For (1) we applied the
rate eqn (A1) [15.16] that relates the heat the particles
lose by bulk cooling. thermal gray-body emission,
and (particularly) sublimation to the heat they gain
from absorption of solar radiation and (primanly)
infrared earthshine. A second relationship between
the two unknowns is provided by the dependence on
temperature of the sublimation rate {rom spheres
whose radius is less than the mean free path of the
evolved gas immediately off their surface [7]—so that
little redeposition occurs, a condition that applies
beyond a few m from the venting nozzle—
{dr/dt| ~ (equilibrium vapor pressure at T)/T'2

In an initial such calculation we made the implicit
assumption that these particles remain smooth-sur-
faced spheres with emissivities;absorptivities deriv-
able from the complex index of refraction of ice{17]
by standard Mic theory [18]. We determined their
effective cross-sections for scattering of visible sun-
light by first computing the “wavelength response™ of
the experiment’s system of illumination and photon
detection. the product {solar spectral irradiance]-
[transmission of the atmosphere above AMOS]-
[relative sensitivity of the photocathode of the tele-
scope-camera], which is plotted in Fig. 10. A model
clear maritime atmosphere in LOWTRAN [14] was
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Fig. 10. Product of (AMOS camera response) - (atmospheric transmission) - (solar spectral irradiance), in
relativ - units (see text).
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used in deriving the transmissions along the n, = 61"
sight path (which in practice has about the same
spectral shape as that of a pure Rayleigh atmos-
phere), and the manufacturer’s data on the relative
quantum yield of S-20R ISITs of the type used in
the groundbased sensor were adopted (which may
introduce some error at the shorter wavelengths in
Fig. 10 due to neglect of absorption by its glass
optical elements). We next computed the differen-
tial scattering or phase function [18]—cross-section
per unit projected area mr” for scattering photons
into unit solid angle at n,—of ice spheres with radius
between 0.05 and 0.5 um at wavelengths between
0.4 and 0.7 um. averaging between n, =46 and 50
to minimize any artifacts from small-sca’~ Mie oscil-
lations; and weighted them by the response factor in
Fig. 10 to derive the effective phase tunctions near 48
shown in Fig. 11. As would be expected. this averaged
scattering function is relatively flat at radii above
about 1 4 um (although it does evidence some of the
overshoot characteristic of monochromatic illumina-
tion of monodisperse particles), and then fairs into
the strictly Rayleigh region very near 0.15 um (where
2rr.4 is close to 2).

Since the constants of integration of the rate
equations and the total number of vapor-recon-
densation particles are not known. 4 normalization
of the results of the calculations in Appendix A to
the measured crosswise-summed trail radiances is
needed. The manual “best-fit” to the data from
Fig. 6(b). plotted in Fig. A2, indicates that beyond
X =~ | km the sunlight-scattering cross-sections are
decreasing at a much higher rate than this stan-
dard energy-balance and Rayleigh-Mie scattering
theory predicts. Increasing (or decreasing) the down-
stream velocity of the small particles does not
improve the fit. nor does adoption of a spread of

curvature of the log-radiances in Fig. 6. the opposite
of that observed).

The difference between the measured and first-
order theoretical rates of changes of radius is in the
direction that would result from roughening of the
surface of sublimating ice, 2 phenomenon seen in
laboratory tank experiments with somewhat larger
droplets {15). In consequence we repeated the calcu-
lations with the effective emissivities (thermal and
relating to absorption of earthshine and near-infrared
sunlight) progressivelv changing with radius of the
“aging” vacuum-exposed particles as described in
Appendix A. A satisfactory fit to the AMOS radi-
ance data (Fig. A2) was achieved with emissivity
increases varying with the square root of the differ-
ences between the imitial radius r, (whose best-fit
value is 0.30 um) and r. a behavior that would be
expected from “random walk-like™ irregular erosion
of the drevlet surfaces. The resulting radii and tem-
perat ires of the particles are compared to Fig. Al
with those that we initially calculated without this
surface roughening. Note that the radii transition
into the Rayleigh regime near 50s = 1 km flight path
X. as expected [1] from Figs 6(b) and A2. Radii of
the order derived result in “efficient™ scattering of
visible light from a fixed total mass of ice (or
liquid water).

83 Absolute brighinesses

These radin and the column densities of the small
particles estimated as described in Section 6.3 lead
to an estimate of the absolute radiances of the
topticaily-thin) trail in the projection of Fig. 3(c). The
rate at which these particles (denoted here by the
subscript m) are produced is

smual parucle radin (which would result in upward (dNdn, = (dM dnif, idr rlp (1)
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Fig. 11. Differential scattering (phase function) of ice particles averaged over n, = 48° + 2° weighted by
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where dM’/ds( =19.4 g/s) is the flow rate of the
vented liquid stream, f, is the fraction of this total
mass that recondenses. p( = 0.92 g/cm’) is the density
of ice at temperatures near 200 K. and r, is the best-fit
initial mean radius of these droplets (0.3 um) from
Appendix A. Their number density n’(X) at distance
X from Discovery, with the simplification that it is
constant out to haif-angle 8 (x~10° in the AMOS
images), is closely

n'(X) = (dN«dt, ) n(X tan Oy -r W)

where (=23 m:s) is the downstream velocity of the
small particles relative 10 the spacecraft.

The volume I of the elliptical slab of sunlight-
scattering droplets containing the line-of-sight
from AMOS to the axial point at Y is to a good
approximation

ViX)xn(Xtan0) (Y sin)AY (3

where AX is the longitudinal thickness of the slice of

trail. The irradiance /, at AMOS from ' is
I~ 1,,(dC,.;dQ)n VR " @)

ua 1S the solar irradiance within the spectral
sensitivity of the camera (x4 x 107" w-cm’, taking
into account the ~ 15% attenuation by the atmos-
phere above its mountaintop altitude). (dC, dQ),—
the differential scattering cross-section—is nr° times
the system-weighted photometric function of individ-
ual small particles at n, =48, and R(=637km) is

where /.

the range of the cloud from AMOS. The sur-
face brightness B,(X) on the long axis of the trail
1s then

B,xI,R°(2Y wan0)-(AX sinn,) (5

where (2X tan#) (AX siny.) is the area of volume
V(X) projected along the line of sight and n, is the
view aspect angle (=331 in Fig. }¢)]. Substituting
eqns (1)-(4) into egn (5). we get

B, x1

sun

(dC. dQ),, £, (M dr) (47 3)

x rip2rXsintsing,. (6)

At Y =1 km the radius of the small ice particles
{assumed to remain spheres) has decreased to about
0.15um (Fig. Al for which Mie scatter theory
predicts (dC_ dQ), =57 x 10 "em’sr ' at 48,
Substitution of the numerical values gives

B (XY =1km)x9x 10" (f, %) (wcmsr). (7)
Figure 12 is a re-plot of the axial radiances of
Fig. 6(a) on this "absolute™ scale with /. 1% taken
as 2 (from its estimation in Section 6.3). with a
comparison to (1) the radiances that would result
from scattering of sunlight by stream-fragmentation
ice particles with two mean diameters within the
range expected and (2) the brightness of the moon-
less ~61 zenith-ungle might sky that we estimated
in Section 3.2.1. Since the highest photocurrents
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Fig. 12. Measured visible trail radiance on the absolute scale derived in Sections 5 and 6. The signal from
the discrete large particles does not perturb the radiance distribution. The brightness of the night sky at
61° zenith angle is well below the noise limit of the AMOS camera.
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produced by scattering from the wake trail are only
about threc times larger than those of the de¢ scene
background in Fig. 3(c) (195 relative to 61 digitiz-
aton units), Fig. 12 shows that this large baseline
would be almost completely due to the dark current
of the AMOS video camera (even were /., as small as
l l()“ l\).

An expression analogous to eqn (6) applies to the
surtface brightnesses produced by the underlving
cloud of large particles in the projection to AMOS.
With their parameters idenufied by the subscript M.
the ratio of radiances 1s

B,“ B“ =(/ I dlry ro )}
<AdC dQ), (X dC . dy (8

iry and 1ts cross-section represent averages over the
broad distribution of particle sizes and aspect rattos).
Equation (8) explicitly includes the dependence on
v oof the sunlight scattering cross-section of the
rapidly-sublimating small particles. while the corre-
sponding term for the large particles remains about
constant (as shown in Appendix B). In conse-
quence the dependence of By on X reduces to the
I X'( = [sight path length X'].[*beam” divergence X))
factor [compare eqn (6)]. as is apparent in Fig. 12.
These dependences of radiance on downstream
distance Y. and the analysis in Appendix A (as well
as the dependence on #, outlined 1in Section 3.2.1).
present strong evidence that B, By is greater than |
over the detectable wake trail. Since signal-to-noise in
the summed video image of Fig. § deteriorates rapidly
bevond about 2km trom Discovery, we adopt the
bound
B, By>1 (at X €£2km). 9
At this downstream distance r = 0.10 um. for which
(dCy d), = 6.3 x 10 Y em st at 48 . The corre-
sponding (dC, dQ)y is 0.1 mri;em st ' (Fig. 9).
With the fraction f,, of the vented water mass
remaining in these solidified and further-cooled large
particles (0.75) and the other numerical values stated
above. eqn (8) and (9) give (r, 15 1n cm)

B, By=670/,ry21

[at ¥ < 2km in the AMOS image analyzed]. (10)

6. PHOTOMETRIC ANALYSIS OF THE
ONBOARD-CAMERA IMAGES

As we have seen. discrete large water ice drops are
the dominant feature in the frames from the close-
Iving onboard cameras (Figs 1. 2 and 8). and a
spatially-continuous haze with sensibly the same
transverse angular extent overlies their instrumen-
tally-blurred image spots. some of which may be
due to scattering of sunlight from the submicron
particles with the remainder resulting from overlap-
ping blooming. The relative irradiances produced by

the two size particles in the video photographs from
the distant and nearbyv cameras impose an experimen-
tally-rough joint constraint on f,, and ry. as /I, or
B, ~ /.. in both cameras—radiances being indepen-
dent of range—while the exposures produced by the
large particles are proportional to r3, in the onboard
images (where individual such drops are resolved)
and to (ri ry)=ry' in the groundbased images
(where they are not: the cloud produces the optical
stgnal).

6.1, Small parncles

The camera parameters adopted for calcuiating the
irradiances from scattering of direct sunhght trom
both size particles are fens focal length F = 2lcm
(derived from the camera’s apparent field of
view and the 1 2-in. physical width of its photo-
cathode [12)). clear aperture 4 (which cancels out
when the ratio of irradiances is taken). and effective
image blur spot 4" =40 um x 40 gm (ypical of the
area from which most of the photocurrent from point
sources arises in intensified video receiver tubes). (The
contribution to the illumination of the trail by solar
photons diffusely reflected off Discovery’s body is
small enough to be neglected.) Our conclusions are
not particularly sensitive to these and the following
numerical values.

The reievant scene-lighting parameters at distance
into the wake Y x®%m are aspect angle n:x45°
and sunlight scattering angle n; = 140 (we introduce
the prime symbol here to identifv the projection
to this onboard camera). For small-particle radius
r =03 um the differenual visible-hght scattering
cross-section (dC, dQ),, 1s calculated (from the pro-
cedure resulting in Fig. 11)tobe 2.2 x 10 "cm’ st~
The irradiance produced at the focal plane of the
camera by the cloud of submicron particles 1s

(n

with its surface brightness B, in the projection to
onboard given by the equivalent of egn (6). Substi-
tution of the numerical values into eqn (11) gives

=11 x107* Af,,  (wiem?). (12)

6.2. Large particles

As these distinguishable particles lic far outside the
hyperfocal distance of the onboard camera’s short
focal length lens. their corresponding mean irradiance
at the focal plane is

Iy=1,,dC, dQuR" "4 A" (13)
(dC. dQ)y =3 x 10 *nri at n; = 140 (Fig. 9). and
R'=10m is the range to the sunlight-scatter-
ing particles located at ¥ =8 m. These parameters
give

Iy =23x10"*Ar}, (woem’). (14)

e
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Thus the ratio of image-plane irradiances from
scattering of sunlight by the relatively-few discrete
large particles (still approximating them as spherical)
and by the optically-continuous cloud of many
smaller particles is

Iy =045/ riy< ~1 (at XY x8m). (15)
The quantitative statement of the observation that
the large particles stand out clearly above the “haze™
in these onboard images is that their individual
irradiances are at least equal to that from this smooth
feature. as stated in eqn (15).

6.3. Particle parameters

From the constraint expressed by the inequalhities
of eqns (10) and {15) and the number density of the
distinguishable particles esumated from onboard im-
ages [such as Figs i(a) and 2(a)), £, and ry, can be
estimated. Figure 13 shows what we may term the
f-r domain of the two-component cloud of ice
droplets. which bounds these two quantities from the
observed ratios of radiance in projections toward
AMOS from X > ~500m and of irradiance at
Discovery's cabin camera from ~Sm< X < ~40m.

The number of discrete scattering particles per
unmt length of trail is as noted previously 100 +
50m ' (this approximate figure includes an
allowance for particles obscured by overlap near
the trail axis). With the known water ventng
rate dM’ dr. mass fraction in stream-fragmenta-
tion particles fy (near X' =8 m it is about 0.95. as

these droplets have undergone little evaporation;
sublimation; see Appendix B), and measured velocity
. 100 particles m ! gives ry =0.13 cm.

Applying this “mean” radius with the joint con-
straints illustrated in Fig. 13. we find f,=(2.2 %
0.7)%, which i1s within the range estimated in the
laboratory work [10]. The stated error takes account
only of the uncertainty in counting the number of
large particles per unit length of wake trail: the total
uncertainty in ry (an average. and in fact not well
defined) and 7, would be higher. Figure 13 nonethe-
less indicates that the image-rradiances from the
groundbased and onboard video cameras force the
t-r domain to a small region: f, and r, take
on a narrow range of values for 8, B, x> 1 and
Iolyx 1.

7. RADIATION AND SCATTERING AT OTHER
WAVELENGTHS

Arguments similar to those above show that the
infrared thermal emission from the few large particles
exeeds that from the many submicron particles,
which radiate and scatter inefficiently at wavelengths
long compared with their circumference (their emis-
sivities are of the order of 107°, even taking into
account surface rougheming). That is. in projections
to distant sensors the ratio of brightnesses of the
two components of the water venung cloud at IR
wavelengths differs strongly trom that trom scatter-
ing of visible sunlight. Since the temperature of
the large droplets becomes lower than that of the
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Fig. 13. Small partcle abundance-large particle size ( f-r) diagram of the water trail. The solid curve,
which bounds /,> 1.5 x10°'rg' [eqn (1)), results from the observation that the signal at the
groundbased camera is dominated by scattering of sunlight from the submicron ice particles (Fig. 12).
The dot-dashed curve. which bounds £, < 2.2r3, [eqn (15)]. results from the observation that the ~mm
particles are prominent in the projection to the onboard camera. The mean large-particle radius
ry =0.13 £ 0.02cm 1s obtained directly from the observed number of discrete scatterers per unit trail
length, {00 + S0 m ' The shaded areas bounded by these three constrainis is the set of particle parameters
which agree with the data.
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Table 2. Summary of numerical results from analysis of the images of the water-particle trail

Quantity Magnitude Comment
Large-panticle ry =0.13cm “Average” figure; about twice the
radius +20% (mean) radius of the nozzie orifice
Large-particle Ju=95% initially, Adopted. from thermodynamic
abundance 75% in AMOS views arguments {6]
Small-particle r=03um Derived from best-fit to data; then
radius +0.05 um initially decreases with distance X (Fig. A2)
Small-particle fm =0.022 £ 0.007 Figure 13; derived from constraint
abundance of the initially- from image-plane irradiances in
vented water cameras at long and short ranges
Longitudinal particle r=23ms Experimentally indistinguishable from
velocity +6. —8§ms the velouity of the hquid stream
Transverse particle 34 m/s nominal Little kinetic energy 1s imparted by
velocity average the fragmentation of the stream
Small-particle cloud B,=2x10" Figure t2; from /_, and r,
bnightness 0.4-0.6 um wiem® sr
(n, =48 . n,=33) at ¥ = lkm
Large-particle cloud By < 8., Figure 12
brightness (same view) at X < 2km

opaque atmosphere and earth surface (Fig. B1). and
(as Appendix B states) these particles are strong
absorbers and thus poor reflectors of earthshine,
the trail—like some meteorological clouds—would
exhibit “negative [infrared] contrast” in nadir-
directed views. The thermal emission from individual
large particles in the few seconds before they solidify
is complicated by their interior temperature gradi-
ents; on the other hand their opacity after they
become completely frozen wipes out the infrared
spectral structure [19] that smaller isothermal ice
droplets would exhibit.

The daytime solar near-ultraviolet radiances in
projections to distant cameras would be dominated
by the small-particle component. with the surface
radiances of the trail decreasing less rapidly with X as
these particles transition into the Rayleigh-scatter
range later along their flight path.

8. PHYSICAL CONTAMINATION OF ORBITER

The images from onboard show no evidence of any
of the large particles flowing backward in the frame
of reference of the orbiting spacecraft to recontact its
body; all move outward, with sensibly the same
speed. The lifetimes of these ice drops are several hr
(Appendix B), which is sufficiently long for the very
largest of them to have finite probability of colliding
with space shuttle on subsequent passes when they
are in certain posigrade trajectories[2). Since the
short-lived submicron particles have essentially the
same downstream velocity. they also would not
return to contaminate the spacecraft.

These intensified video photographs do not resolve
the unrecondensed gaseous water (its Rayleigh
scattering is very weak compared with that of the
2rr/4 = 2 condensation particles). nor do the optical
data provide direct information about the rates at
which this vapor is evolved. As the gas is initiaily
collisional [7.9] with mean thermal speeds much

greater than the directed retrograde velocity of
the cloud of particles, a substantial fraction of it
recontacts vehicle outer surfaces. (At Jow orbital
altitudes the return flux would be increased by
backscattering from the atmosphere [5].)

9. CONCLUSIONS

Table 2 summarizes the numerical results of this
analysis of the low light level video photographs of
vented supply water. The photometric-photogram-
metric data lead to the following principal interpret-
ations of the phenomenology of release of narrow
streams of liquids (in this case water) in space:

1. Product states. The initially-bundled column
forms within ~Im into a bimodal particle size
distribution: irregular water/ice drops produced in a
cavitational breakup with a mean diameter exceed-
ing that of the venting orifice (~2mm), and 0.3-
um radius ice spherules produced by partial
recondensation of overexpanded water vapor. This
vapor represents 20-25% of the mass of water
released into near-vacuum.

2. Spatial distribution. The angular spreads of the
two particle sizes are the same, indicating that the two
types of particles have the same velocity components.
The longitudinal velocities of the most readily ident-
ifiable large particles are experimentally indistin-
guishable from that calculated for the water stream
beyond its conical venting nozzle. The small diver-
gence of the wake trail (+ 1/S radian) shows that the
translational energy imparted to the water mass when
bubbles of steam and dissolved gases erupt through
its surface is substantially less than the kinetic energy
with which it had been discharged.

3. Particle geometry, temperature, emissivity. The
submicron particles initially formed following the
venting sublimate by absorption of sun- and earth-
shine (the vapor is not optically detectable). Their

—_—
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mass-loss rates are consistent with standard Ray-
letgh-Mie theory for ice spheres when a correction
tor the progressive roughening of their surfaces is
applied to their emissivities. These suniit small par-
ticles reach a quasi-equilibrium temperature near
I80K in ~1 2s, well betore they transition into
the Rayleigh-scatter regime. The larger particles
lose only a negligible fracuon of their mass while
they remain with the fields of view of the video
cameras.

4. Absolute concentration. We esumate the mass
fraction of the recondensate to be ~01 of the
sublimed-vaporized water. This small amount of
matenial domunates the <olar-scatter radiances
measured by the groundbased telescope-camera over
the full detectable length of trail.

3. Physical and optical contamumation. We observed
no evidence for the movement of the e nurucles
backwards in such a way as to strike Orbiter surtaces
directly. The calculated (in Appendix B) hifcumes of
the initially-large droplets are long enough tor some
1o be encountered on later orbits. In contrast. it 1s
predicted that some vapor moves in the posigrade
direction, eventually engulfing the spacecraft. This
local environment has implications for the design of
future spaceborne experiment platforms. in particular
Space Station. as well as for infrared astronomy and
surveilllance from earth orbiting vehicles that dump
hiquids.

Planned future measurements on water venting
from space shuitle include onboard photography
with precisely-known pointing and higher spatial
resolution. to reduce the uncertainty in the initial
longitudinal velocity of the distinguishable parncles:
inclusion of additives to increase the scattered-light
signal: and photometry at a series of solar-scatter
angles (from both the ground station and Orbiter’s
Remote Manipulator Arm) and Mie polarization-
rato measurements (as in {10} to better determine
the dimensions and abundance of the unresolved ice
particles.
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APPENDIX A

Sublimation and Temperature History of the
Submucron-Diamerter Particles

Heat balunce

The daytime energy budget of hquid or solid water in
the low earth orbital environment 1s made up of the three
terms absorption of earthshine and direct sunhight, ther-
mal re-radiation. and the heat loss due to evaporation or
sublimation. Heating by sunlight scattered from the atmos-
phere is small because the atmospheric water vapor absorbs
over much the same spectral regions as solid or hiquid water:
multiple scattering within the wake trail can be neglected




Water venting 343

because the trail is optically thin: and collisional heating
of particles with radius > ~0.01 um is negligible at orbi-
tal altitudes. The temperature can be considered uni-
form throughout submicron ice droplets, as their high
thermal diffusivity (~ [0-°cm?®'s) leads to isothermality in
microseconds.

The rate of change of temperature d7 d¢ of smooth-
surfaced. spherical submicron ice particles with uniform
radius r can therefore be written [15.16]

4n | CdT— [ O, 4
‘j”’ T —.dr‘” L rog.(v)dy
+ |elr, v)Q,r:q\(\')dv
- ‘ et vIQrPv. Thdy
) . dr
+dnr-pl -- . (Al)
de

The symbols and their numerical values where appropnate
are

p =density =092 g cm’
C = average specific heat {at constant volume) of
ice between 250K and 80K =19J gKi=
0.45 cal gK)
L = average heat of sublimation of ice over this
temperature range = 2.4 x 10° ] g
v = freque~cy of emitted/absorbed electromagnetic
radiation
elr.v) = parucle emussivity (“effective” emissivities are
detined immediately below)
P(v, T) = Planck radiation function = 2hc ~*v ' (e"*7 — 1),
where c. k. and A have their conventional meanings
4. = Pty T, = 280 K). for the earth approximated as a
280 K blackbody
4. = Py, T, = 5800 K). for the sun approximated as a
5800 K blackbody
Q, = solid angle subtended by the earth at the 3129-km
altitude particle = | .4 & st (taking into account
the infrared opacity of the atmosphere above the
hard Earth surface)
Q, =sohd angle subtended by the sun at the par-
ticle =68 % 10 *sr
Q. =solid angle into which the particle radiates
(isotropically) = 4 sr.

The small vanauons with tempeiature of C and L and
the approximation of the sun and earth as blackbody
radiators have only an insignificant effect on the numeri-
cal results. In addition the iritial temperature 7, of the
recondensation droplets is uncritical. as it does not affect
the final equifibrium temperature and—in view of the
initilal very high cooling rates by evaporation and sub-
limation—has only a very small effect on the time to
approach this equilibrium. we adopt the 250K of the
water vapor from the phase diagram reproduced in the
report of a laboratory simulation [9]. and consider only the
solid phase.

We derived “effective’” emussivities for earthshine (€, ). the
thermal radiation from the particle (¢,). and sunlight (¢,) by
first weighting and averaging the imaginary component
of the index of refraction of ice[17] at 266 K over each
blackbody distnbution at the appropnate radiating tem-
perature. (For ¢,. we used the range of temperatures
predicted by imitial approximate calculations.) The variation
of the complex index of refraction with temperature (and ice
crystal structure). and the experimental uncertainty of this
quantity over part of the infrared (17}, introduce a small
error into the emussivities. We then applied standard Mie
theory (18] for spherical particles with size parameter
2nr 4 < 1 n. where 415 wavelength and » the real part of the
index of refraction. This condition hoids for r < ~1 3um
since most of the earthshine absorption (the major factor in

heating) and re-radiation takes place at wavelengths above
10 um, and also for sunlight absorption, which is principally
at wavelengths near 3 um. Typical effective emissivities. for
r=020pm, are 2.6 x 1073, 2.0 x 10-2 (at 180 K particle
temperature, and about 10% higher at 200 K), and 0.26 x
10~2 respectively.

Equation (A1) can thus be simplified to

4 )
T CT 3 - L) = QT + e QT =, Q. T, (A2)
g

where the dots denote time derivatives and o = 5.7 x
10~ J scm” K* ts the Stefan-Bolizmann constant.

Temperature

The exponential dependence on temperature of the equi-
librium vapor pressure P of liquid and sohd water (P, =
24 x [0"exp — (6110 T]) provides insight into the cooling
process. since the sublimation rates per unit exposed area
are proporuonal to this pressure (except at the initial very
high temperatures. where the water gas is collisional and
thus partially recondenses on the particles). This sub-
limation 1s imually the principal energy loss mechamsm.
Similarly. the very rapid evolution of water vapor from the
surface of the bundled stream and its fragmentation droplets
results in most of the recondensation particles being formed
within a few 10's of meters— < ~ 5 seconds flight path—
from the spacecraft (see Appendix B). As the parucle
temperature drops L7 also decreases. and since the right-
hand side of eqn (A2) is changing slowly T decreases also.
Substitution of L and C into the left-hand terms of eqn (A2)
shows that the fractional decrease in partcle radius is
~1 3000 per K during the period when sublimation is the
dominant energy loss mechanism: therefore a decrease in
temperature trom 250 to near 200 K expends less than 2%
of the imtial radius of the smail droplets.

The spectral emussivity of weakly-absorbing spheres 1s
proportional (18] to r when ~001 <lrr 2 < | n: that
1s. ¢ ~kr. where i represents e. p. or s in the above
notation. Substitution nto eqn (A2) then results in the
further simplication

rT =3 =5r—orT*, (A3)

where F = 3L C. 7 =30 d4npC) (k Q. T! -k Q. T?). and
3 = 3ok, pC are constants. The Mie calculations showed
that &, =1.3x10'cm ' A, =10x10'cm ' (at 180K).
and k, =013 x 10'cm "

A second relationship between radius and temperature of
the particles can be derived from the above-mentioned
dependence of their sublimation rate on vapor pressure and
temperature. When the ambient pressure near the surfaces
of individual particles 1s so low that the propability that
departing molecules return is small {that 1s, the collisional
mean free path in this nearby gas (and particle cloud)
exceeds the particle diameter). the rate of change of radius
by sublimation becomes|[7.15]

F=027PT)T'". (Ad)

We solved coupled nonlinear differential eqns (A3} and
(Ad) using the fourth-order Runge-Kutta numerical iter-
ation method. keeping the k's independent of time and
particle radius. With the initial radius r,=0.3 um and
temperature T, =250 K taken as the constants of inte-
gration, the particles cool to 180 K within [ s, after which
their temperature shows an almost constant rate of decrease
at ~1 20K s 'to 120s: refer to Fig. Al

Radiur loss rate

These results, as noted. would apply to monodisperse ice
spheres whose emissivities are proportional to r; only the
injtial cooling times depend (weakly) on the r, and T,
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Fig. Al. Temperature and radius of the recondensation ice particles calculated without and with the
progressive surface roughening parameters in Fig. A2 (refer to the text).

adopted. We consider next the decrease of radius of these
particles with distance from the veniing orifice. which
requires two further inputs: the dependence of this distance
on ume after the particles form and, for companson with the
radiance data in Fig. 6. the effective cross-section of these
particles for scattering of solar photons in the direction of
the AMOS camera.

For the reasons stated 1n the text. we adopt the (constant)
longitudinal velocity of the distinguishable large water-ice
droplets measured from the onboard photographs as the
velocity of the small parucles. Thus their ume-since-
formauon at downstream distance X in the groundbased
images s inversely proportional to this velocity. (The 10’s-m
distance from the venting onfice over which the water gas
evolved from the liquid recondenses i1s so smali relative
to the distances resolvable from AMOS that 1t can be
neglected.)

We calculated the differential scattering intensities of ice
spheres of radius r at n, =48 (averaged over +2°, to
minimize any effect of Mie resonances) weighted for the
product [solar spectral irradiance} [S-20R wavelength re-
sponse of the telescope-camera}-[transmission of the clear-
might atmosphere above AMOS at the 61 zenith angle of
the particle trail (calculated bv LOWTRAN [14}: increasing
by about 15% between 0.4 and 0.65 ymj}. This illumination-
times-system response factor is shown in Fig. (0. and the
differential scattering cross-sections per unit projected (sub-
micron) particle area derived from 1t are in Fig. 11. This
wavelength-weighted photometric function can be seen to be
relatively insensitive o particle radius down to 0.25 um
(the “geometric™ range). after which it decreases about
linearly to r =0.15um, where it begins to exhibit the
expected Rayleigh-like (r*%) behavior. We fit the first two
segments of this function with a cubic spline in calculating
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Fig. A2. Measured [Fig. 6(b)] and calculated transverse-summed radiances of the wake trail in the AMOS
images at n, = 48" Particle emissivities € = k,r (1 + 2.1 um~"2{ry — r]' %,r) with r, = 0.30 um resulted in
the best fit with surface roughening. A linear dependence of the change in emissivity on Ar can be seen

to produce a substantiaily poorer fit.
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the dependence on X of the on-axis and transverse-summed
sunlight-scatter radiances.

Since both the total number per unit pathlength and
initial radius r, of the vapor-recondensation particles are
yet to be determined, a normalization of the calculated
summed radiances at one downstream distance and in
absolute value is necessary. (r, is as noted a constant of
integration of the rate equations, and the absolute bright-
nesses are normalized by a multiplicative factor.) The
manual best-fit to the radiances in Fig. A2, in which
r,=0.3 um, shows that bevond about halfway along the
detectable trail image the radwus (which1s plotted in Fig. A}
1s decreasing substantially faster than is predicted by our
cnergy balance-Mie scattering calculation. The difference
between the observed and calculated solar-scatter radiances
would be larger if the velocity of the small recondensation
particles were greater than that of the stream-tfragmentation
droplets: 1n any case. however. a systematic error from this
velocity —a multiphicative effect—-would not substanuatly
improve the fit to the data This discrepancy between
tactually strarghtforward) theory and the AMOS measure-
ments indicates that the particle temperatures and radn
shown as solid curves in Fig. Al can not be correct.

Surtuce roughening

A larger sublimation rate would result from progres-
sive roughening of the surfaces of ice droplets exposed to
vacuum, a phenomenon that has been observed in the
laboratory {15]. This roughening is interpreted (IS5} as
increasing the emissivities of the ice particles through
multi-phonon interactions {it may be viewed as ¢enhancing
the number of vibrational modes of the now-irregular
droplets that are accessible to the incident electromag-
netic wave(s)]. rather than by increasing the outer-surtace
area of somewhat “spongy’” paruicles. Vacuum-tank exper-
iments with ~ [0's-micron such droplets {[ 5] showed that
this relative rate of loss of radius itself increases as the
particle ages. which is also in qualitative agreement with
the dependence of radiances on X shown in Figs 6
and A2.

We therefore repeated the calculation with the three
particle emissivities-absorptivities ¢, increased by a term
k fB(ry—r) > '7 where B as well as r, is empirically deter-
mined by fitting to the measured transverse-summed trail
radiances. [The computational model with this perturbation
still imphicitly assumes that the ice particles are sphencal,
through the Mie scattering of wavelength-weighted sunlight,
the sublimation rate at fixed temperature eqn (A4), and
terms 1n eqn (A3).] The idea that the increase in each of the
emisstvities would depend on the square root of the decrease
in the initial radius of the particle foilows from the perceived
“statistical”” nature of the irregulanties produced when the
particle surface erodes; this functional form n fact results in
a rather better manual fit to the AMOS data than a linear
dependence on jry — r¢)}, as Fig. A2 shows. This best-fit was
derived with r, =030 um. =21l um’".

While this analytic form of the increase in the ehcotive
emussivities 1s not necessarily unique. an acceleration of the
fractional rates of mass loss during the transit of the
particles through the AMOS camera’s feld 1s defimtely
indicated by the curvature as well as the slopes in the plot
of log (sterance) against Y. The fit that results from the
hypothesis that the increase in emissivities depends on the
change in particle radius is not substantially different from
that in our preliminary analysis {1]. in which we applied the
iess physically-realistic assumptions that the rate of change
of fractional particle radius increases linearly with time (or
X)) and that the total cross-section for scattering of sunlight
undergoes a distcontinuous change from purely geometric
(r*)to Rayleigh (r*) at the downstream distance at which the
slope of the integrated radiances in Fig. A2 appears to
change.

The resulting radii and temperatures of initially-
monodisperse 0.3 ym recondensation ice particles are shown
as dash-dot curves in Fig. A2. A minimum at slightly above
180 K is reached within | s, after which the particle tempera-
ture actually increases by about | C over the remaining
~100s (2ikm) of detectable trai: this increase is due
principally to the particles absorbing more earthshine radi-
ation per unit mass as their surfaces progressively roughen.
The mean particle radius by this time has decreased to
0.05 um. The alteration of temperature by roughening
about doubles the rate of decrease of radius beyond ~ S0 s—
1000 m {rom Discoverv—, as can be readily seen from the
dependence of P on T [and eqn (A4)].

APPENDIX B
Temperature History ot the Millimeter -Diameter Particles

Enussieuv and heat conduction

Energy balance eqn (Al) also applies for estimating the
temperatures and decrease in volume by evaporation;
sublimation of the large water droplets. In the interest of
simplicity, we consider only a single {*"'mean”) initial radius
of assumed-spherical. non-fragmenting or cracking par-
ticles, which we take to be the 0.13 cm derived in the text.

These stream rupturing-product particles differ in emissiv-
ity from the vapor-recodensation ice particles, as to a good
approximation they are black bodies over the infrared
wavelengths at which they absorb earthshine and radiat=
thermally: that is. ¢, = ¢, = 1. independent of radius r. In
consequence reflection of IR earthshine by these large
particles is small compared with their thermal emission. and
since their equilibrium temperature 1s less than the ~ 280K
of the opucally-thick atmosphere and earth (as will be
shown shortly) the aruticial cloud would exhibit “negative
infrared] contrast”™ when viewed in the nadir.

We averaged the emissivity-absorpuvity ¢, over the spec-
trum of sunhght, tinding ¢, to be 0.15 at r = 0.13cm (and
about proportional to r). As this particle radius undergoes
only a small fracuonal change during the first few km of
thight path relative to the spacecraft all three emissivities can
be taken as constant. substantially simplifying the caicu-
lations. (The 1ssue of surface roughening 1s moot in view of
these large emissivities.)

This advantage 1s in large part offset by a second major
difference in the energy balances of the two size particles:
in the large droplets, the time scales for temperature
equilibrium by conduction are long compared with the
characteristic times for sublimative-evaporation loss of heat
from the droplet surfaces. The time step in the early cooling
stages (when the temperatures and therefore vaporization
rates are high, as was shown in Appendix A) is therefore
controlled by transport of heat from the interior. (The
resulting radial temperature gradient introduces some un-
vertainty into the thermal emission rates during this period,
since the outermost “'shell” is not optically thick at ail the
principal wavelengths radiated; and the difference between
the indexes of refraction of liquid and solid water adds a
small further uncertainty to the scattering and absorption
cross-scctions in the peniod before the particles freeze
completely.)

Cooling considerations

The nitial temperature of the droplets can be estimated
from the rates of evaporative cooling of the surface of the
cylindrical stream before 1t fragments [7] and the effective
thickness of this cooled outer annulus. Since the near-
surface temperature of the coherent stream is decreasing
only logarithmicaily with time (7] (the volume is also not
isothermal), the exact distance from the venung orifice at
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which rupturing takes place 1s uncntical. With this distance
estimated from the onboard video images (and laboratory
simulations (9)) as { 2 m the hiteume of the bundled stream
152 x [0 °s. Duning this period its surface temperature falls
from the imual 303 K —the nominal ejection temperature.
which 1s similarly uncritical —to about 250 K {7]. (Convec-
uve mixing accompanying the violent cavitational fragmen-
tation could be expected to momentanly melt any we that
may have formed near the surface of the stream.)

The radiai thickness of this annular heat “ditfusion laver™
i5 to a good approximation

(4 m) (diffusivaty A of ~275K water) 2 x 10 “s]'*

This diffusivity K [ = tthermal conductivaty) idensityy-
ispecitic heab) s 00013 em- s, Thus the thickness of ths
outer shell is 0 06 mm. whichas closely |10 of the radius ot
the relaxed stream caleulated n Section 4. 2.2 A mean -
tial temperature of these water droplets would therefore be

MOIK — 12 <01 303 - 230 2hK 2 298 K. The fracton:

of the vented water mass evaporated in this pre-breakup
pernod which produces this 3 C mean temperature change s
01 As the total fraction that vaponzes to cool and treeze
the remaiming water 15 only about 02 the small change in
mean radius— "o, again neglecting the ditference in density
hetween ice and liquid water—justifies its neglect 1n estimat-
ing the fraction of vented water recondensed into small
particles (in Section 6). The higher thermal conductivity
and lower specific heat of pure ice give it a heat diffusivity
almost nine times that of pure hquid water near 0 C:
therefore the characterssue heat transport times decrease
by an order of magnitude after the partcles sohdify
tassuming that advective transport in the hgquid can be
neglected {7

We calculated the surtuce temperature of these infrared-
opaque large particles by teratnvely solving the cnergy-
balance and subhmanon-rate egns (AT 23 and (AL taking
into account the mtenor tlemperature vradients, The princ-
pal source of heat input s carthshime. that s, Q. T4 >
O 1SQ I Wathin the first few seconds after the coherent
stream fragments. while the surface temperature and vapor
pressure remain high, the Joss or heat s etfectively all due
to evaporation sublimation We cquated this evaporative

loss during cooling time interval A7 with that resulting from
the decrease in temperature of an outer spherical shell of
thickness Ar. which we approximated as (K" Ar)' *. The flow
of heat through this layer (whose thickness eventually
becomes comparable with r) determines the initial time scale
of cooling of the large water ice particles.

When this outer shell is liquid. this equation can be
stated as

dr et —[r = Ar)Yp, C, AT

=(dx At [r —F ArPp, L, (BI)
where p,. C,. and [, are the parameters defined in
Appenaix A for iquid water (£, s a heat of vaporization
from the iquid). Since Ar r s imittally much less than |
tas we found above). this expression reduces to the even
more mtuitively obvious
ArC, AT =7 AL, (B2)

When the droplet surtuce begins to solidifv. two further
terms added to the left-hand mide of eqn (B2) take into
account the phase transiion from hgquid to solid in an
immedtatelv-inner spherical shell and the cooling of the
outer laver ol e

Ar,C.AT + HIK A1)+ Ar,C AT =7 A1L.  (B3)
Here Ar, und Ar, represent the thicknesses of these concen-
tric hguid and sohd shells. # 1s the heat of fusion of water
twhich we took das constant at R0 cal g). and p, is again
approximated as p.

We solved egns 1B2) and then (B3 steratively down to
200 K wath temperature step AT = | C. Near this tempera-
ture the thickness of the etfecuvelv-cooled layer reaches
~ 4 of the parucie radius, and the radiative cooling terms
are becoming comparable with the (essentially exponentially
decreasing) sublimative cooling term. We theretfore assumed
isothermality  (homogeneous cooling) below 200 K. and
determuined the ume dependence of temperature by the
iterative procedure apphed in Appendix A to the small e
particles
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Fig. Bl Surface temperature history of the ~mm ice particles. Outer shell cooling s calculated for the

first second after burst (sohd hne). after which bulk particle cooling (isothermality) is reached (dashed

line). The nitial extremely rapid cooling (times < ~ 10~ "s) follows from an iterative solution of a one
dimenstonal ditfusion equation with the stream modeled as a semi-infinite slab {7).
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Results

The calculated dependence on time of the outermost-
surface temperature of the large droplets is shown in
Fig. Bl. (The extremely ra~d decrease to ~250K is taken
from a calculation with a different geometry (7] ; in any case,
the time 1n which this surface temperature is reached is
<« ['s.) This temperature falls to 200 K in about 10s, when
these particles have moved some 200 m from the venting
nozzle. They then asymptotically approach [81K
in (cotnaidentally) the remaining ~100s of their path

during which the accompanying cloud of small ice particles
remains above the detection threshold of the AMOS
telescope-camera.

With this equilibrium temperature egn (A2) gives
dridt =4 x 10~°cm/s. The characteristic fractional decay
ume (dr/r dt)~' of the stream-fragmentation particles is
therefore 3 x 10%s. or 5 low earth orbital periods (during
which the orbits decay significantly [2]). This is considerably
longer than the effective lifetime of the four orders of
magnitude smaller vapor-recondensation particles indicated
in Fig. A2,




